Chemical Engineering Journal 157 (2010) 509-519

Contents lists available at ScienceDirect
Chemical
Engineering

Chemical Engineering Journal
Journal

journal homepage: www.elsevier.com/locate/cej

Relationship between flow structure and transfer coefficients in fast
fluidized beds

Baolin Hou?®?, Hongzhong Li®*

a State Key Laboratory of Multi-phase Complex Systems, Institute of Process Engineering, Chinese Academy of Sciences, P.O. Box 353, Beijing 100190, PR China
b Graduate School of Chinese Academy of Science, Beijing 100049, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 21 August 2009
Received in revised form

24 December 2009
Accepted 29 December 2009

In this paper, the relationships between the bed structural parameters and momentum transfer, mass
transfer and heat transfer in fast fluidized beds are analyzed for Geldart A or B particles. The influence
of dispersion and aggregation of particles on the mass transfer coefficient and heat transfer coefficient
is discussed. The equations for calculating the drag force coefficient, mass transfer coefficient and heat
transfer coefficient in fast fluidized beds are developed based on eight structural parameters (Ug, Uy,
Upd, Upc, de, f, €4 and &¢) of heterogeneous beds, which can be solved by the Energy-Minimization Multi-
Scale (EMMS) model. The drag force has been calculated based on the local bed structural parameters
and the calculated solids flux and solids concentration are compared with the experimental data in the
literature. For the heat transfer and mass transfer, the averaged bed structural parameters are employed to
Heat transfer calculate the averaged heat transfer and mass transfer coefficients, and the results are compared with the
Fast fluidized bed experimental data from the literature. The simulating results are in good agreement with experimental
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1. Introduction

It is well established [1,2] that a fast fluidized bed is non-
uniforminradial and axial solids distributions. Axially the existence
of two regions results in an S-shaped voidage profile, and radi-
ally the solids concentration is low at the center but dense near
the wall. Moreover, the particles distribution is also non-uniform
on a sub-bed scale and many particle clusters are distributed in
dispersed particles. The clusters are subjected to dynamic pro-
cesses of aggregation and destruction due to both fluid-particle
and particle-particle interactions, and the shape and size of clusters
change constantly. Furthermore, the particles velocity are higher in
the center of the bed but lower near the wall and higher in the dis-
persed phase but lower in the cluster phase; while the gas velocity
is higher at the bed center but lower near the wall, and it is higher
in the dispersed phase but lower in the cluster phase. It is obvious
that in fast fluidized beds there exist heterogeneous structures on
both macro-scale and meso-scale.

Both experimental results and theoretical analysis indicate that
the bed structures show significant effects on the momentum
transfer behavior. According to Yang et al. [3], under the same
superficial gas velocity, superficial particle velocity and averaged
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voidage, the drag coefficient of particles in gas is 18.6 in the
homogeneous fluidized bed, while it decreased to 2.85 in a het-
erogeneously fluidized bed. Just like the momentum transfer, the
influence of the cluster on mass transfer and heat transfer has been
reported [4-6], but the theoretical analysis about the influence of
flow structure on momentum, mass and heat transfer coefficients
is not found in the literature. In the present work, a theoreti-
cal analysis on the relationships between local bed structure and
momentum, mass and heat transfer coefficients is given. The the-
oretical prediction was compared with the experiment data in the
literature. The prediction results are in good agreement with exper-
imental data.

2. Quantitative description of local structure and
gas-particles interaction in fast fluidized bed

Based on the Energy-Minimization Multi-Scale (EMMS) [7], to
quantitatively describe the local bed structure of a fast fluidized
bed with Geldart A or B particles, eight parameters are needed.
They are voidages in dispersed and cluster phases &, and &, respec-
tively, superficial gas velocities in dispersed and cluster phases Uy
and U, respectively, superficial particle velocities in dispersed and
cluster phases Up,g and Up, respectively, diameter of cluster dc, vol-
ume fraction of cluster phase f, which can be predicted by using
the Energy-Minimization Multi-Scale (EMMS) [7] model when the
superficial gas velocity Uy, superficial particle velocity Up, gas den-
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Fig. 1. Resolution of structure and gas—particles interaction in fast fluidized bed.

sity o, gas viscosity iy, particle density pp, and particle diameter
dp are given [7]. However, the difference between the particles
inside cluster and the particles on the surface of the cluster is
not considered in the literature [7]. The particles on the surface
of cluster contact with flowing gas in the dispersed phase, these
particles are different from the particles inside cluster. Thus, the
equivalent number of particles should be subtracted from the total
number of particles in a cluster, which is expressed by a coefficient
(1—2dp/d.). So the equation for the drag force exerted on particles
in cluster by flowing gas is revised as:

d) £~
(1 - 2d‘j> e Coea VR G =Ty~ sl —e) (1)
p

The resolution of structure and gas-particles interaction in fast
fluidized bed is shown in Fig. 1. It shows that if mass transfer and
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3.1. Drag force of flowing gas on single particle in dispersed phase
Fpa

In general, the voidage in dispersed phase is larger than 0.8, i.e.,
&4>0.8 so that the drag coefficient Cpy can been obtained by using
Wen-Yu's equation [8] as follows:

-47 for & > 0.8 (2)

Cpa = Cpoégy

where Cpg is the drag coefficient for single particles in gas flow, and

Cpo = 0.44 for Re, > 1000 (3)
Cpo = %(1 +0.15Re,*%87)  for Re, < 1000 (4)
p

Re, is the Reynolds Number of particle:

Prdp(uy —up)es

Rey= —— 1 —" - 5
D o (5)
and
1 T
Fpg = Cdefj|Usd|Ustd;2) (6)

where Uy, is the superficial slip velocity between gas and particle
in the dispersed phase:

£
Usg = Upg — Updﬁ (7)

3.2. Drag force of flowing gas on single particle in cluster phase
FDc

In general, the voidage in cluster phase is less than 0.8, i.e.,
&c<0.8, so that the drag coefficient Cp. can been obtained by chang-
ing the form of Ergun’s equation [9] as follows.

The drag force of gas flow on particles in the unit volume of
cluster phase, Fpq,, can been calculated by
(13& |USC ‘ USC

& dP

7(1 - &) o, (1—ec)(m/6)d;

(1 —ec)uys

= (200 3
& pfdp Usc

heat transfer are to be estimated, additional parameters are nec-
essary. They are the component concentrations of gas in dispersed
and cluster phases, ¢z and cc, the temperatures of gas in dispersed
and cluster phases, t; and tf, the temperatures of particles in dis-
persed and cluster phases, t,q and tp.. They can be solved by using
the mass conservation equation and heat conservation equation
for dispersed and cluster phases. The parameters for gas-particles
interaction, i.e., drag coefficient Cp, mass transfer coefficient K, and
heat transfer coefficient ay, are the functions of structure parame-
ters.

3. Drag coefficient Cp

Yangetal.[3] proposed aresolution for the relationship between
drag coefficient and bed structure in circulating fluidized bed. Based
on that work [3], a theoretical analysis on the relationship between
drag coefficient and bed structure in fast fluidized beds is conducted
in the present work, and attention is paid to the particles on the
surface of clusters, because the environment of the particles on
the cluster surface is different from that both inside and outside
clusters. Furthermore, the distributions of particles in dispersed
phase and cluster phase and the distribution of clusters enmeshed
in dispersed phase are all treated as homogeneous.

4(1 - 85)2Mf
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where (1 — &)/(n/ﬁ)dg is the expression of the number of particles
in the unit volume of cluster phase.

By comparing Eq. (8) with Eq. (6), the drag coefficient Cp. should
be
(1 —ec)us 7

+-— (9)

Cpe = 200
be e2ppdpUsc 362

and the drag force on single particles in cluster phase Fp. is

1 g
FDC :CDCEIOHUSClUSCng (10)

where U is the superficial slip velocity between gas and particles
in cluster phase, namely

&

(11)

3.3. Drag force of flowing gas in dispersed phase on single cluster
Fp;

The single cluster can be treated as a big particle with the equiv-
alent diameter d.. In analogy with Egs. (6), (2) and (9), we have

1 v
Foi = Coi 5 pylUsil Usi 5 62 (12)
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where Cp; is the drag coefficient of a cluster in gas of dispersed
phase, and

4.7

Cpi = Cpoe;*7 for &> 0.8 (13)

1-¢
Cpi = zoow 4 L

for ¢; < 0.8 (14)
eppdcUg  3€} !

g; is the voidage of the inter-phase, i.e., the volume fraction of gas
which does not include gas in clusters:

& =¢&4(1 ) (15)
Us; is the superficial slip velocity between gas in dispersed phase
and cluster:

U .
Uy = [Upg - Upe 24 }(1—f)=[f"—”'3}sd(1—f) (16)

1- &4 1-—¢&c

3.4. Drag force of flowing gas in cluster phase on particles in
cluster Fpen

Fpen can be obtained by multiplying Fp. by the particles number
in a cluster. Because the particles on the cluster surface contact
with flowing gas in the dispersed phase, the equivalent number of
particles, whose surface area is equal to the contact area between
cluster surface particles and gas in the dispersed phase, should be
subtracted from the total number of particles in a cluster. Thus we
have

(7/6)d2(1 — &)
(m/6)d;

2
— (1) [(d> —2<dc) ]FDC (17)
P dp

3.5. Total drag force of gas on particles in a unit volume of
gas-particles flow Fp

md2(1-¢
FDcn = |: - C( C):| FDc

(2/4)md3

The total drag force is the sum of the drag force on the particles
in dispersed phase, that on the particles in cluster phase, and the
drag on the cluster surface, that is

_Q-P-ep o F f

(n/6)d3 T /6y Foen + 07 /6)d?FDl
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3.6. Averaged drag coefficient Cp

According to the definition of averaged drag coefficient, the drag
force can be calculated by

1—¢f

Us|U 19
J_[/6(13Dpf\s\s (19)
where &¢is the averaged voidage, and Us is the superficial slip veloc-
ity between gas and particles, respectively:

gr=ecf+(1-f)eg (20)

Us = Uy — Uy

1-¢ (21)

The equation for averaged drag coefficient Cp can be obtained
by comparing Eq. (19) with Eq. (18):

f(1—&c)(1 —2(dp/dc))CpelUsc|Usc + (1 = f)
x (1 — &4)CpylUsqlUsq + f(dp/dc)CpilUsilUsi
(1 —<9f)|U5|U5

G (22)
In contrast, the traditional equation for Cp is

Cp = Cpoe; ™’ (23)

It can be seen that Eq. (22) is very different from Eq. (23). The
former is affected by many structure parameters and essentially a
weighted average of Cp in different phases.

4. Coefficient of mass transfer Ky

4.1. Coefficient of mass transfer between gas and particles in
homogeneous gas—particles system

In this case, the Jung-La Nauze’s equation [10] is recommended
as:

1/2

Usd

Sh=26+069( =P\ sc1/3 (24)
Elf

where Sh is the Sherwood number, Sc is the Schmidt number, and
¢ is the voidage, and

Sh = % (25)
Sc= % (26)

where D is the gas diffusion coefficient. Substituting Egs. (25) and
(26) into Eq. (24) yields:
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4.2. Coefficients of mass transfer between gas and particles in
heterogeneous gas—particles system

The heterogeneous gas-particles system consists of dispersed
and cluster phases. The distribution of particles in both phases and
the distribution of clusters in this system can be taken as homo-
geneous. Therefore, the coefficient of mass transfer between gas
and particles in dispersed phase Ky, that between gas and particles
in cluster phase K., and that between cluster and gas in dispersed
phase K; can be given by analogy with Eq. (27):

1/2 1/3
D D ( Usydppy My
Ky =264= +0.69 ol 28
47, dp ( My prD (28)
1/2 1/3
Used
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4.3. Mass transfer between gas and particles in heterogeneous
gas-particles system

An air and naphthalene particles system is used to illustrate our
approach to estimation of the mass transfer coefficient.
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The naphthalene particles continuously release naphthalene
into the air by sublimation. The mass of naphthalene transferred
from the particles into air flow in unit volume of the system M
consists of four parts:

M = My + M + M; + M, (31)

in which My transferred from particles to air in the same dispersed
phase, M, transferred from particles to air in the same cluster phase,
M; transferred from particles on the cluster surface to air in the
dispersed phase, and M, transferred from particles to air due to
aggregating and dispersing of the particles.

According to the principle of mass transfer [11], My, M. and M;
can be expressed respectively as

Mg = Kgap(1 — £4)(1 = f)(cs — ¢q) (32)

M, = Kc[ap(1 —ec)f —ac(1 —ec)fI(cs — cc)
= Ke(ap — ac)(1 —ec)f(cs — ¢c) (33)

M; = Kiac(1 — &0 )f (cs — ¢g) (34)

where a,, is the specific surface area of particle, and a, =6/d, for
spherical particle; a. is the specific surface area of cluster, and
a.=6/d. for spherical cluster; cs, ¢4, cc are the concentrations of
naphthalene in air on the surface of particle, in air of the dispersed
phase, and in air of the cluster phase, respectively.

It must be noted that when the interfacial area between gas and
particles in cluster phase is calculated, the contact area between
the particles on the surface of cluster and gas in dispersed phase
should be excluded as shown in Eq. (33).

Substituting Eqgs. (32)-(34) into Eq. (31) yields

M = Kqap(1 — &4)(1 - f)(¢s — cq) + Ke(ap — ac)(1 — &c)f (s — ¢c)
+Kiac(1 — ec)f(cs — cq) + Mq (35)

4.4. Averaged coefficient of mass transferff

Using averaged mass transfer coefficient, the mass transfer
equation is:

M = Ksap(1 — &7)(¢s — ¢f) (36)
where ¢y is the averaged concentration of naphthalene in air:
crep = cqeq(1 = f) + ccfec 37)

Combining Egs. (35) and (36) leads to the equation for averaged
mass transfer coefficient:

Kqap(1 —&4)(1 = f)(¢s — ¢q) + Ke(ap — ac)
x (1 = &c)f(cs — cc) + Kiac(1 — &c)f (€5 — ¢4) + Ma

ap(1 —gr)(cs —¢f) (38)

Kr =

in contrast to the traditional equation for averaged mass transfer
coefficient:

1/2 1/3

_ Usd

K= 26,2 10,692 (0 K (39)
dp dp \ erny pgD

It can be seen that Eq. (38) is essentially the weighted average
of mass transfer coefficient in different regions.

5. Coefficient of heat transfer oy

5.1. Coefficient of heat transfer between gas and particles in
homogeneous gas—particles system «

According to Rowe et al. [12], an equation for heat transfer

coefficient, which is similar to the Jung-La Nauze’s mass transfer
coefficient equation [6], is suggested as follows:

1/2
Usd
Nu=2¢+0.69 2PO ) pr/s (40)
Elf

where Nu is the Nusselt number, Pris the Prandtl number as defined
respectively by

ady

Nu = - (41)
C

Pr— F’T“f (42)

In Eqgs. (41) and (42) A is the heat conductivity of gas, and G is
the heat capacitivity of gas. Combining Eqs. (40)-(42) yields

1/2 1/3

Usd q

a=2e2 10692 [ ZPr b (43)
dp dp EMLf A

5.2. Coefficients of heat transfer between gas and particles in
dispersed phase, in cluster phase, and interface for heterogeneous
gas—particles system

The heterogeneous gas-particles system consists of dispersed
phase and cluster phase. The distribution of particles in both phases
and the distribution of clusters in this system can be treated as
homogeneous distribution. Therefore the coefficient of heat trans-
fer between gas and particles in dispersed phase o, the coefficient
of heat transfer between gas and particles in cluster phase ¢, and
the coefficient of heat transfer between cluster and gas in dispersed
phase «; can be given by analogizing with Eq. (43). They are

1/2 1/3
A A ( Usqdp s Colts
ag = 28,1@ + 069@ ( salty T (44)
1/2 1/3
A A ( Uscdppy Couty
o = Zecd—p + 0.69£ ( P 0 (45)

1/2 1/3
A A Usdepr Cotts

= 2e4(1 — )2 +0.69 2 [ =Tk Lo 46

o = 2¢&4( f)dp dc(ad(lf)uf 5 (46)

5.3. Heat transfer between gas and particles in heterogeneous
gas—particles system

At presenta cold gas and hot particles systemis used to illustrate
the heat transfer.

The cold gas passes through a fast fluidized bed of hot particles.
The heat quantity H transferred from particles to gas in unit volume
of the system consists of four parts:

H=H;+H:+H;+Hq (47)

In which Hy is the heat quantity transferred from particles in
dispersed phase to gas in dispersed phase, H. is heat transferred
from particles in cluster phase to gas in cluster phase, H; that from
particles on the surface of cluster to gas in dispersed phase, and Hy
being the heat transferred from particles to gas due to aggregation
and dispersion of the particles.
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According to the principle of heat transfer [11], Hy, H: and H;
can be expressed as:

Hyg = aqap(1 —&q)(1 = f)tpa — ta) (48)
Hc = Olc(ap —ac)(1- Ec)f(tpc - ffc) (49)
H; = ajac(1 — ec)f (tpe — trq) (50)

where t,q, tpc, ta, tr, are the temperatures of particles in dispersed
phase and in cluster phase, the temperatures of gas in dispersed
phase and in cluster phase, respectively.

It needs to be noted that when the interfacial heat transfer area
between gas and particles in cluster phase is calculated, the con-
tact area between the particles on the surface of cluster and gas in
dispersed phase should be subtracted as shown in Eq. (49). Substi-
tuting Eqs. (48)-(50) into Eq. (47) yields

H = agap(1 - ¢&4)(1 _f)(tpd - tfd) +ac(ap — ac)(1 - &c)f (tpe — tfc)
+aiac(1 — &c)f (tpe — trg) + Ha (51)

5.4. Averaged coefficient of heat transfer oy

The averaged coefficient of heat transfer is defined as:
H=0rap(1— &)ty — t7) (52)

where tp, t; are the average temperatures of particles and gas,
respectively, and they are defined by

(T—ep)tp = (1 =) = &g)tpg +F(1 — &c)tpc (53)
ety = (1 = feqtp + fecty (54)

From Eqgs. (51) and (52) it follows:

aqp(1 —&q)(1 = f)(tpa — tra) + ctc(ap — ac)
o x (1 —ec)f(tpc — tfc)+a ac(1 — &c)f(tpc — trg) + Ha
F= ap(1— &)ty — tf)

while the traditional equation for average coefficient of heat trans-
fer is:

1/2 1/3
. A A [ Usdppr Coits

It can be seen that Eq. (55) is very different from Eq. (56). The
averaged coefficient of heat transfer o is affected by many param-
eters of structure for the heterogeneous gas—particles flow system
rather than by averaged voidage ¢rand the superficial slip velocity
Us only.

(55)

6. Effect of aggregating and dispersing of particles on mass
and heat transfer

There are two cases for the cluster aggregating and dispersing.
One case is that a single particle is striped from the surface of a
cluster, or adhered to the surface of the cluster. During the pro-
cess of stripping, the slip velocity between gas and single particle
decreases due to terminal velocity of the cluster larger than that of
single particle, which results in a decrease of mass and heat transfer
coefficients. While during the process of adhering, the slip velocity
between gas and single particle increases, resulting in an increase
of mass and heat transfer coefficients. At the steady condition, the
stripping rate equals to the adhering rate, and the negative and pos-
itive effects are compensated. Therefore, the effects of stripping and
adhering on the mass and heat transfer can be neglected.

Another case is that a big cluster breaks into several small clus-
ters, or several small clusters are aggregated into a big cluster.
During the process of breaking, the slip velocity between gas and

small cluster decreases due to the terminal velocity of the big clus-
ter larger than that of small cluster, which results in a decrease
of mass and heat transfer coefficients. While during the process
of aggregating, the slip velocity between gas and small cluster
increases resulting in an increase of mass and heat transfer coef-
ficients. At the stable condition the breakup rate equals to the
aggregation rate, therefore the effects of breaking and aggregating
on the mass and heat transfer coefficients can also be neglected.

7. Model validation

In order to verify the theoretical relationships between the
structure and momentum, mass, and heat transfer coefficients
developed in this work, the different experiments are employed
to check the models by comparing the model predictions with the
experimental data in the literature.

7.1. Momentum transfer

The momentum transfer depending on the bed structure, which
was firstly evidenced by Yang et al. [3] by employing the Energy-
Minimization Multi-Scale (EMMS) method, has been validated with
experimental data [7]. Since the difference of gas-particle contact
condition between the particles inside cluster and the particles on
the surface of cluster was not considered in Yang et al.’s model [3],
the momentum conservation equation for cluster phase is revised
in this work as follows:

dp \ f(1—-ec)
=f(pp — pf)(g+ a)(l — &) (57)

It can be seen from Eq. (57) that a coefficient (1 — 2dp/d.) is sued
to revise the Yong et al’s momentum conservation equation for
cluster phase. And other equations used are the same as used by
Yang et al. [3]. In this work, the local eight bed structure parameters
are firstly solved by Yang et al.'s EMMS model [3] based on the local
averaged gas and solid velocity and voidage. Then, the local drag
force between gas and solid can be obtained by Eq. (18), and finally
the exchange coefficient of momentum can be calculated by the
following equation:

5
58
\Uf Up| (58)

Bo=

On the basis of Eq. (58), the 2D Eurelian approach can be used to
simulate the experimental case from Li and Kwauk [7] as Yang et
al. did in the literature [3], the simulating process and the method
of solution have been described in detail in Appendix A.

Fig. 2 gives a comparison between the experimental data and
the simulation results based on the Gidaspow et al. [13] drag model
and the drag model developed in this work. From Fig. 2, it can be
seen that the simulation based on the model in this work is much
closer to the experimental data than the Gidaspow model. Due to
the general existence of clusters in fast fluidized beds, these clusters
greatly reduce the interaction between gas and solids. The drag
model based on the bed structure parameters in this work considers
this reduction, so that better prediction of solid flux is obtained.

Fig. 3 gives the comparison of the time-averaged (10s) axial
profiles of voidages between the experimental data and the sim-
ulating results based on the different drag models. It is obvious
that the present drag model based on the bed structure captures
well the coexistence of a dense bottom and dilute top, as well as
the S-shaped distribution of particle fraction in axial direction.
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Fig. 2. Computed solids flux near the outlet (Ugp=1.52m/s, Gs;=14.3kg/m?s,
Hp=1.25m).

7.2. Mass transfer

In order to test and validate the developed mass transfer the-
ory in this work, the experimental data reported by Subbarao and
Gambhir [14] is used here. In that experiment, under the environ-
mental condition the air saturated with naphthalene is employed
to fluidize sand in a glass fast fluidized bed of 105cm in height
and 2.5 cm L.D. The process of the naphthalene adsorbed by sand
was thought to be controlled by mass transfer in that experiment.
The mass transfer coefficient can be obtained by measuring the
increasing weight of sand. Other conditions of experiment and the
method of solving have been described in detail in Appendix B.
Figs. 4 through 9 show the comparisons of experimental data with
the theoretical prediction for the effect of particle diameter and the
superficial gas velocity on the average coefficient of mass transfer.
These figures demonstrate that the present simulation results of
mass transfer coefficient based on multi-scale structure are dis-
tinctly better than that based on the traditional average method.
Breault and Guenther [15] calculated the mass transfer in fast flu-
idized bed by replacing the parameters of single particle with the
parameters of cluster by a statistical approach in the equation of
mass transfer coefficient. Their results are also in good agreement
with experimental data, but it is well known that the mass transfer
in fast fluidized bed is controlled by both the dispersed and cluster
phases, and using the parameters of cluster phase only to charac-
terize the mass transfer in fast fluidized bed is not appropriate.
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Fig. 3. Comparison between experimental data and simulating results of axial
voidage profile.
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Fig. 4. Comparison of Subbarao’s experimental data with theoretical predictions.
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Fig. 5. Comparison of Subbarao’s experimental data with theoretical predictions.

The deviation of the simulation results of the mass transfer coef-
ficient based on the traditional average method from experimental
data is more than an order of magnitude. The reason is mainly the
heterogeneous multi-scale structure in the fast fluidized bed. The
influence factors are not only the mass transfer between gas and
solids in each phase, but also the gas exchange between dispersed
phase and dense phase, as recently reported by Yang et al. [16]. So
the mass transfer in the fast fluidized bed is not only the function
of mass transfer coefficient in every phase but also the function
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Fig. 6. Comparison of Subbarao’s experimental data with theoretical predictions.
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Fig. 7. Comparison of Subbarao’s experimental data with theoretical predictions.
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Fig. 8. Comparison of Subbarao’s experimental data with theoretical predictions.

of gas component concentration in every phase. This kind of com-
plex influence of cluster on mass transfer in the fast fluidized bed
leads to the mass transfer coefficients differ up to seven orders of
magnitude in the literature [17,18]. Therefore, only using the tradi-
tional average method to accurately calculate this kind of complex
process is impossible. The way based on the heterogeneous multi-
scale structure in this work can more accurately predict the mass
transfer in the fast fluidized bed.
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Fig. 9. Comparison of Subbarao’s experimental data with theoretical predictions.
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Fig. 10. Comparison of the experimental data and simulation results for the local
coefficient of heat transfer.

7.3. Heat transfer

In order to verify the theoretical model for heat transfer based
on the bed structure parameters in this work, the experimental data
reported by Watanabe et al. [19] was employed to compare with
the simulating results. In that experiment, the glass beads were
firstly heated to 340K, and then were employed to heat fluidizing
air. The heat transfer between gas and solid has been measured in
a high 1800 mm and internal diameter 21 mm fast fluidized bed.
Other conditions of experiment and the method of solving have
been described in detail in Appendix C. Fig. 10 shows the compari-
son of the experimental data and the simulation curves for the local
heat transfer coefficient. In this figure, both the experimental data
and the simulated heat transfer coefficient rapidly decrease from
a high initial value near the bottom of the riser at each superficial
gas velocity, beyond this region, however, it approaches a constant
as bed height increases.

The experimental temperature profiles in the riser reported by
Watanabe et al. [19] and the calculated temperature profiles by
simulation in Fig. 11 suggest that with increase of the bed height,
the gas temperature is quickly increased and reaches its asymp-
tote, while the solid temperature decreases and reaches the same
temperature as the gas. By comparing the experimental data and
the simulation results, it can be found that the difference between
the simulation and the experiment data for the gas temperature is
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330 PN g
T (=)
L ° B S} t
—_ i o
oz b
T 320 b
= [
g ‘o O Gas temperaturc(K)-Experiment
g 310 | 0 Solid temperature(K)-Experiment
=0 Gas temperature(K)-Simulation
] Solid temperature(K)-Simulation
300 |
290 1 1 1 1
0.0 0.4 0.8 1.2 1.6

z(m)

Fig. 11. Comparison between the experimental data and simulation results for the
temperature profiles in the riser.
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higher than that for solid temperature; this may be attributed to
neglecting of the thermal conduction between gas and wall.

Like the mass transfer in the fast fluidized bed, the cluster plays
an important role in heat transfer in the fast fluidized bed, Wang et
al. [4] recently employed CFD to confirm this point of view. From
Eq.(55),it can be see that the heat transfer coefficient is not only the
function of heat transfer in every phase, but also the function of the
temperature in every phase, so only using the traditional average
method to predict this complex process is not appropriate.

8. Conclusions

There are significant effects of the heterogeneous gas-particles
flow structure on the drag coefficient, the mass transfer coefficient
and the heat transfer coefficient in fast fluidized beds. The following
conclusions can be obtained:

1. The correlations from traditional average methods for these
coefficients are not suitable to the heterogeneous gas-particles
flow structure in fast fluidized beds.

2. Using the models developed considering the heterogeneous
gas-particles flow structure, the momentum, mass and heat
transfer coefficients can be more accurately predicted than the
traditional average methods.

3. During the calculation of mass transfer and heat transfer, the
effects of aggregating and dispersing of the particles on the mass
and heat transfer coefficient can be neglected.

It is suggested that the present theory of calculating transfer
coefficients based on the bed structural parameters in this work
provides a kind of new tool for predicting the transfer behavior of
fast fluidized bed. However, a great deal of experiment on gas-solid
flow, inter-phase mass transfer and heat transfer still need to be
conducted to verify and improve the applicability of the present
theoretical analysis.

Notation

ap specific surface area of particle (m~1)

ac specific surface area of cluster (m~1)

Cc component concentration of gas in cluster phase (kg/m3)

C4 component concentration of gas in dispersed phase
(kg/m?)

cr averaged component concentration of gas (kg/m3)

Cs component concentration of gas near the surface of par-
ticle (kg/m?3)

Cp drag coefficient

Cpe drag coefficient in cluster phase

Cpd drag coefficient in dispersed phase

Cpi drag coefficient between cluster and gas in dispersed
phase

Cpo drag coefficient for single particle in gas flow

Cp averaged drag coefficient

G heat capacitivity of gas (J/(kgK))

D gas diffusion coefficient (m?/s)

de¢ diameter of cluster (m)

dp diameter of particle (m)

Fp total drag force of flow gas on the particles in unit volume
of gas—particles flow (N/m3)

Fpe drag force of flow gas on single particle in cluster phase
(N)

Fpen drag force of flow gas in cluster phase on the particles in
single cluster (N)

Fpey drag force of gas flow on particles in unit volume of cluster
phase (N/m3)

Fpg drag force of flow gas on the single particle in dispersed
phase (N)

Fpi

f
H

Hq

Hc

Hy

K

K.
Kq
K;

K
K

Mq

M

My

tpe

drag force of flow gas in dispersed phase on the single
cluster (N)

volume friction of cluster phase

heat quantity transferred from particles to gas in unit vol-
ume of the system (J/(m3s))

heat quantity transferred from particles to gas due to
aggregating and dispersing of the particles in unit volume
of the system (J/(m? s))

heat quantity transferred from particles in cluster phase
to gas in cluster phase in unit volume of the system
(J/(m3s))

heat quantity transferred from particles in dispersed
phase to gas in dispersed phase in unit volume of the
system (J/(m3s))

heat quantity transferred from particles on the surface of
cluster to gas in dispersed phase in unit volume of the
system (J/(m3s))

coefficient of mass transfer between gas and particles
cluster in homogeneous gas—particles system (m/s)
coefficient of mass transfer between gas and particles in
cluster phase (m/s)

coefficient of mass transfer between gas and particles in
dispersed phase (m/s)

coefficient of mass transfer (m/s)

averaged coefficient of mass transfer (m/s)

coefficient of mass transfer between cluster and gas in
dispersed phase (m/s)

mass of naphthalene transferred from naphthalene parti-
cles to air flow in unit volume of the system (kg/(m?3 s))
mass transferred from particles to air due to aggregat-
ing and dispersing of the particles in unit volume of the
system (kg/(m?3s))

mass transferred from particles in cluster phase to air in
cluster phase in unit volume of the system (kg/(m? s))
mass transferred from particles in dispersed phase to
air in dispersed phase in unit volume of the system
(kg/(m?s))

mass transferred from particles on the surface of clusters
to air in dispersed phase in unit volume of the system
(kg/(m3s))

Nusselt number

Prandtl number

Reynolds number for particle

Schmidt number

Sherwood number

averaged temperature of gas (K)

temperature of gas in cluster phase (K)

temperature of gas in dispersed phase (K)

averaged temperature of particles (K)

temperature of particles in cluster phase (K)
temperature of particles in dispersed phase (K)
superficial gas velocity (m/s)

gas velocity (m/s)

superficial gas velocity in cluster phase (m/s)

superficial gas velocity in dispersed phase (m/s)
superficial particle velocity (m/s)

particle velocity (m/s)

superficial particle velocity in cluster phase (m/s)
superficial particle velocity in dispersed phase (m/s)
superficial slip velocity between gas and particles
superficial slip velocity between gas and particle in cluster
phase (m/s)

superficial slip velocity between gas and particle in dis-
persed phase (m/s)

superficial slip velocity between gas in dispersed phase
and cluster (m/s)
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Greek letters

o coefficient of heat transfer between gas and particles clus-
ter in homogeneous gas—particles system (J/(m? s K))

o coefficient of heat transfer between gas and particles in
cluster phase (J/(m?2 sK))

oy coefficient of heat transfer between gas and particles in
dispersed phase (J/(m? s K))

o coefficient of heat transfer (J/(m? s K))

ar averaged coefficient of heat transfer (J/(m?2 sK))

o coefficient of heat transfer between cluster and gas in
dispersed phase (J/(m? s K))

Bo drag coefficient in a control volume (kg/m3 s)

£ voidage

&c voidage in cluster phase

&4 voidage in dispersed phase

&f averaged voidage

& voidage of inter-phase, i.e., the volume friction of gas
except gas in clusters

A heat conductivity of gas (J/(msK))

s viscosity of gas (kg/(ms))

of density of gas (kg/m3)

Pp density of particle (kg/m3)
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Appendix A.

Simulation procedure for momentum transfer based on the bed
structural parameters was established in this work. Gambit_2.2 was
employed to generate the computational grid and Fluent 6.2.16 was
used as the solver. The geometrical structure of fast fluidized bed
employed in the experiment has been described in detail in Ref.
[7]. In the calculating, at first, the bed structure parameters can be
solved by EMMS [3] based on the averaged voidage and the velocity
of gas and solid from CFD, thus the drag force in Eq. (18) can be

Table 1
Governing equations for two-fluid model and its constitutive relations.

obtained. The exchange coefficient of momentum between gas and
solid can be calculated by Eq. (58).

In the fluidized bed, the solid phase has similar properties to
a continuous fluid, so it often is treated as fluid phase. Therefore,
the Eulerian model can be used to model the gas-solid fluidized
bed reactors. In this model, the kinetic theory of granular flows
is used. In this theory, the viscous forces and the solid pressure
of the particulate phase can be described as a function of the so-
called granular temperature. The governing equations in Eulerian
notation are given in Table 1.

The differential equations in Table 1 can be solved by a finite
volume method, These equations are discretized by the first-order
upwind differencing scheme over the used finite volume. The popu-
lar SIMPLE algorithm by Patankar [21] is used to solve the pressure
from the gas phase momentum equation, which requires a pres-
sure correction equation that adjusts the pressure and the velocities
after each iteration of discretized momentum equations. Each sim-
ulation is performed up to 205 of real-time.

Inlet at the bed bottom is designated as velocity inlet boundary
conditions for both the gas and solid phases. The boundary con-
dition at the top of the bed is a pressure boundary fixed at the
atmospheric pressure. Solids are leaved from the top due to drag
force and thenreturn to the computational domain from the bottom
inlet with a same mass flux. Other boundary conditions are speci-
fied as wall, which are all set as no-slip wall boundary condition for
both the gas and solid phases. The parameters of simulations have
been described in Table 2.

Appendix B.

In this work, the experiment data reported by Subbarao and
Gambhir [14] are employed. In that experiment, the air saturated
with naphthalene is used as fluidizing gas, the 196 and 390 pm
sand particles are fluidized in a fast fluidized bed of 2.5cm I.D.
and 105 cm in height, the process of naphthalene adsorbed by the
solid is thought to be controlled by mass transfer between gases
and solid and measured under the environmental condition. The
mass transfer coefficient can be characterized by measuring the
increasing weight of sand due to adsorbing the naphthalene in air.
Other experimental detail may be found in Ref. [14]. For getting the

Continuity equation (k=g, s)

a(e
% + V(Skpkuk) =0
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Momentum equation (k = g,s; [=s,g)
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Table 2

Parameters setting for the simulation.
Particle diameter 54 pm
Particle density 930 kg/m?
Grid size Ax 5mm
Grid size Ay 40 mm
Riser height 10.5m
Superficial gas velocity Ugo 1.52
Solids flux Gg 14.3
Initial bed height Ho 1.25
Coefficient of restitution 0.9
Time step 5.0e—5s

Unsteady formulation

Pressure-velocity coupling Phase coupled SIMPLE

Momentum discretization First-order upwind

Max. number of iterations per time step 30

Convergence criteria 10e-3

Under relaxation factors 0.7 for pressure, 0.3 for
momentum and 0.2 for volume
and granular temperature

Maximum solid packing volume fraction 0.63

First-order implicit

averaged mass transfer coefficient, a one-dimensional mass bal-
ance differential equation has to be developed. Based on the mass
conversion, the active component of gas in the dispersed phase can
be expressed as:

Moutd — Ming = Mg + M; + Mge + Ma (B-1)

where M, is the mass transferred from high concentration gas in
the cluster to the low concentration gas in the dispersed phase by
diffusion and seepage:

Mg = AdzKgcacfec(cc — ¢q) (B-2)

K. is the coefficient of mass exchange between lower concen-
tration gas in the cluster phase and the higher concentration gas in
the dispersed phase, and for the sphere particles, it can be expressed
with the equation developed by Higbie [20]:

. Dec 4Deg.
Ky = 2.0d—c + 0 (B-3)
where t; is
f de (B-4)

" 1(Ur/ec) = (Upe /(1 = £0))]

Based on the principle of mass transfer[11], Eq.(B-1)is rewritten
as:

U1~ D38~ Kyap(1 — q)1 ~ e — ca)
+Kiac(1 — ec)f(¢5i — ¢q)

+ Kyjcacfec(ce — cg) + Mgy (B-5)

By the similar procedure, the mass conservation equation for
the active component of gas in the cluster phase is derived as:

dc
Ufcfd—zc = Kc(ap — ac)(1 — ec)f (cse — cc) — Kgcacfec(ce — c4) + Mac

(B-6)

For a certain system with known initial and boundary condi-
tions, the averaged mass transfer coefficient can be obtained by
combining Egs. (37), (38), (B-5) and (B-6).

Appendix C.

In this work, the experiment reported by Watanabe et al. [19]
is employed to be simulated. In that experiment, the glass beads

with the particle size 420-590 wm is employed, the circulation solid
flux is 86.67-90.08 ke m~2s~1, the glass beads is firstly heated to
430K and then be employed to heat the cold gas in the fast flu-
idized bed of 21 mm internal diameter and 1800 mm in height, the
process of heat transfer between gas and solid is measured, and
other experimental detail may be found in Ref. [19]. For getting
the averaged heat transfer coefficient, a one-dimensional energy
balance differential equation has to be developed to get the evo-
lution of temperatures along the fluidized bed. However, because
the glass beads are just heated to 340K, the radiation heat transfer
can be neglected. Thus, based on the conversion of energy, the heat
transfer for gas in the dispersed phase is

H=H,'+Hd+HdC+Ha (C—1)

The flux of heat diffusion Hy. means that the flux of heat trans-
ferred from the high temperature gas in the cluster phase to the
low temperature gas in the dispersed phase. It can be expressed as:

Hge = Adzogcacfec(ty — tr) (C-2)

where oy is the coefficient of heat exchange between the gas in
dispersed phase and the gas in cluster phase. By the analogy with
mass transfer and modifying the Higbie’s formula [20], oy, can be
expressed as:

Cpre
tge = 2,050 4 o, [ PIEPAEC (C-3)
c Tt
Eq. (C-1) can be rearranged to
dtfd

PrcpUsa(1 _f)E = agap(1 —gq)(1 _f)(tpd — trq)

+oiac(1 — & )f (tpe — tfd)

+ageacfec(ty — trg) + ha (C-4)

By using the same method with Eq. (C-1), the heat transfer equa-
tion for the solid in the dispersed phase and for gas and solid in
the cluster phase can be derived, respectively. The heat transfer
differential equation for solid in the dispersed phase is:

dtyg
PpCsUpa(1 —f)—= = —0tap(1 — £4)(1 = f)Epd — ta) — ha (C-5)

The heat transfer differential equation for gas in the cluster
phase is:
dtz.
PprUfchg:Olc(ap —ac)f (1 = &c)tpe — tre) — otgcacecf (bg — tre)—ha
(C-6)

The heat transfer differential equation for solid in the cluster
phase can be expressed as:

dt,
PpCsUpchZC = —ac(ap — ac)f(1 — ec)(tpe — tfc)

—;ac(1 = &c)f (tpe — trg) — ha (C-7)

For a certain system with the initial and boundary conditions
known, the averaged heat transfer coefficient can be solved by
coupling Egs. (53)-(55), (C-4), (C-5), (C-6) and (C-7).
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